Head-mounted projective displays ͑HMPD's͒ are a novel type of head-mounted display. A HMPD consists of a miniature projection lens mounted upon the user's head and retroreflective sheeting material placed strategically in the environment. First, the imaging concept of a HMPD is reviewed and its potential advantages and disadvantages are discussed. The design and a bench prototype implementation are then presented. Finally, the effects of retroreflective materials on the imaging properties and the optical properties of HMPD's are comprehensively investigated.
Introduction
Three-dimensional ͑3D͒ visualization devices such as head-mounted displays ͑HMD's͒ and projectionbased displays have received considerable attention and investigation because of their potential to harmonize human-computer interaction and enhance user performance. The applications of these visualization devices span the fields of scientific 3D visualization, interactive control, education and training, telemanipulation, telepresence, wearable computers, and entertainment systems.
Immersive HMD's, represented conceptually in Fig. 1͑a͒ , block a user's real-world view to present him with a view that is under the full control of computers and to make him believe that he is part of the virtual environment. 1 This approach eliminates the possibility of using the wealth of information that exists in the real world but is difficult to duplicate with computer-graphics technology.
A promising related technology is that of seethrough HMD's ͑STHMD's͒, which optically superimpose virtual objects upon an existing scene to enhance rather than replace the real scene. In this case, additional information is provided, so the user's visual system suspends disbelief and he or she perceives the computer-generated virtual objects as part of the real environment. The fusion of real and virtual images into a single scene presents new technical challenges for HMD designers.
Video-based fusion and optical-based fusion are two basic approaches to combining real and virtual images. With a video STHMD, the real-world view is captured with two miniature video cameras mounted on the top of the user's headgear. 2 Each of the two cameras takes one image of the real world for one eye; then the graphics system electronically combines the real images with the graphic images to generate the combined environment. With an optical STHMD, the real world is viewed through beam splitters placed at 45°in front of the user's eyes. 3 The mirrors also reflect the virtual images into the user's eyes, thereby optically combining real and virtual world views. A comprehensive discussion of trade-offs between optical and video STHMD's with respect to technological and human factor issues was given by Rolland and Fuchs. 4 Optical see-through, shown conceptually in Fig. 1͑b͒ , creates less intrusion into the real scene than does a video see-through approach. The challenges posed for the technology are to minimize occlusion contradiction between virtual and real objects ͑discussed in Subsection 5.A below͒, to provide images that can be displayed on a potentially bright background, and to achieve highly accurate registration of real and virtual objects.
Projection-based displays, such as the CAVE ͑cave automatic virtual environment͒, use several backprojection screens in a room and multiple head projectors to generate a multiple-user virtual space. 5 Such systems are intrinsically limited in their frame rate capability because the image generation must be time multiplexed to generate multiple-user viewpoints. Furthermore, if multiple users share the same projection space, cross talk exists between them, and, as a result, only one user typically leads the collaborative team to determine the viewpoint. Finally, off-axis projection with respect to a user's viewpoint can result in keystoning, i.e., warping of the image that cannot be compensated for in the situation discussed.
A head-mounted projective display ͑HMPD͒ coupled with a supple, nondistorting, and durable projection surface is proposed as an alternative to remote displays, STHMD's, and stereo projection systems. 6, 7 The imaging concept of a HMPD and its potential advantages and disadvantages are discussed first. Then the design as well as a bench prototype implementation and 3D optomechanical modeling is given. The effects of retroreflective materials on the imaging properties as well as on the optical properties of HMPD's are comprehensively investigated.
Concept of Head-Mounted Projection Displays
The imaging concept of HMPD's was patented by Fergason in 1997. 8 It is illustrated in Fig. 2 . The final image is at least 250 mm away from the eyes to allow the user to accommodate. The HMPD components are not drawn to scale in the figure to allow for illustration of the entire system. In HMPD's, a projection lens is used instead of the eyepiece that is found in conventional HMD's. Furthermore, a retroreflective screen is used instead of the diffusing projection screen employed by projection systems. A miniature display, located beyond the focal point of the lens instead of between the lens and the focal point as it is in conventional HMD's, serves to display computer-generated images. Through the projection lens, an intermediate image is formed. A beam splitter is placed after the projection lens at 45°with respect to the optical axis to bend the rays at 90°, as is done in an optical STHMD, but the attitude of the beam splitter is perpendicular to that of an optical STHMD. Meanwhile, a retroreflective screen is located on either side of the projected image. Because of the special characteristics of retroreflective materials, the rays hitting the surface are reflected back upon themselves in the opposite direction toward the eye of the user. At the exit pupil of the optics, a HMPD user can perceive a synthetic environment composed of virtual objects and real objects between himself and the retroreflective screen. Ideally, the location of a virtual object is independent of the location of the retroreflective screen. Moreover, the retroreflective property is independent of the incident angle. The differences among a diffusing surface, a mirror surface, and a retroreflective surface are illustrated in Fig. 3 .
Given the focal length f of the projection lens, the position and size of the projected image can be calculated. With binocular HMPD's the same imaging scheme is applied to each eye. Because an ideal re- The advantage of using a projection lens associated with a retroreflective screen is that this configuration affords the user the ability to achieve correct occlusion of virtual objects, as discussed in Subsection 5.A below, as well as ensuring that the image brightness does not conflict with background light. For realtime graphics, a projection lens also makes it easier to correct optical distortion and other aberrations than with systems based on eyepiece design, an important property that is critical and is discussed further in Section 5. Finally, the retroreflectivity property contributes to the fact that bending the screen does not induce additional distortion ͑i.e., warping͒ of the perceived images as a result of projection onto a curved surface. 9 
Design Implementation
For techniques developed in our laboratory that are directed at real-time applications such as multipleuser collaboration, a mono or stereo configuration can be implemented. To investigate the imaging property of HMPD's we built a bench prototype based on a backlit liquid-crystal display in a monocular configuration. A miniature color-active matrix liquidcrystal display was used as the display device in the prototype. Of the optical components, only a projection lens needs to be custom designed, and thus we shall present the detailed layout design and performance only of the lens. The complete system layout is presented in Fig. 2 , in which the lens is represented by its principal planes. The first-generation projection lens was custom designed with a double-Gauss lens form and optimized to be built from catalog lenses. 10 The optical parameters are listed in Table 1 , and the optical design profile, modulation transfer function ͑MTF͒ performance, mechanical assembly, and 3D optomechanical modeling are shown in Fig. 4 . A discussion of optomechanical characteristics of the HMPD was provided by Hua et al. 11 An image photographed from the exit pupil of the bench prototype is shown in Fig. 5 . The display is a color display, but the color picture is printed in black and white in this paper. The image viewed through the prototype is brighter and more uniform than the picture shown in Fig. 5 because of the difficulty in matching the pupil of the camera with that of the HMPD optics. Although image quality is necessarily a function of the MTF of the projection lens, the quality and properties of the retroreflective material are also critical to the overall image quality. The retroreflective screen material is durable and bendable, with optical properties that theoretically permit undistorted twodimensional or 3D viewing of virtual objects, regardless of the shape of the underlying projection surface. The retroreflective surface is covered with thousands of micro-corner cubes or micro-beadsapproximately 47,000͞in.
2 ͑18500͞cm
2
͒. This type of material, commonly available from 3M or Reflexite, Inc., is routinely used in photoelectronic process control. We now describe the overall imaging properties of a screen made from micro-corner cubes or micro-beads.
Investigation of the Optical Properties of Several Retroreflective Materials
Two kinds of retroreflective material, micro-beads and micro-corner-cube arrays, are commercially available. Micro-bead arrays utilize specular reflection, whereas micro-corner-cube arrays utilize total internal reflection. Generally, the available retroreflective sheeting materials are optimized not for imaging optics but for traffic-control and safety applications. Furthermore, they are relied on to redirect the light shinning onto a traffic sign from a vehicle's headlights back to the driver. Therefore the rays are reflected at an angle with respect to the incident rays, instead of onto themselves. Furthermore, to account for a range of differences between vehicles, the light rays are returned in a cone, instead of in a single direction, with virtually all the reflected rays within 3°of the source. The cone reflection indicates nondirective behavior. The amount of light returned depends on the geometry of the situation and the retroreflective properties of the materials that are used. Now, after defining a few terms related to retroreflective materials, we point to their different properties as observed from experiments.
A. Definitions
Three angles are most commonly used in describing the performance of retroreflective materials in the traffic control industry; they are the entrance angle, the observation angle, and the cone angle ͑see, e.g., www.mmm.com͞scotchlite͒. Entrance angle e , shown in Fig. 6͑a͒ , is defined as the angle of incidence to the surface. For a HMPD, the entrance angle is linked to the field of view ͑FOV͒ of the imaging lens.
Observation angle o , shown in Fig. 6͑b͒ , is defined as the angle between the incident ray and the ray reflected by the surface. For a HMPD, the observation angle is linked to image magnification at various observation distances.
Cone angle ⌬ o , shown in Fig. 6͑c͒ , is defined as the angle range of the reflected rays about the theoretical reflected ray related to the observation angle. For a HMPD, the cone angle is linked to image blurring.
B. Measurement of the Entrance Angle
We investigated four samples of commercially available retroreflective material. Their microscopic structures are shown in Fig. 7 . One is based on micro-bead structure, and the others are based on various micro-corner-cube structures. They are designated samples ͑a͒ and ͑b͒-͑d͒, respectively. The size of a microstructure is ϳ80 m.
By using the setup shown in Fig. 8͑a͒ we measured the retroreflectivities of the samples. A laser was used as a light source. As we tilted the retroreflective screen, we used a powermeter to record the retroreflected energy in the form of average power levels at various incident angles. Results are shown in Fig. 8͑b͒ , where the power is plotted in microwatts as a function of the incident angle. The retroreflected power of the micro-bead sample is significantly less than that of the other samples, as expected, because the micro-bead sample is based on specular reflection instead of on total internal reflection.
The image power is fairly constant for a tilted angle in a range of Ϯ40°. This indicates that, for a fairly broad range of angles, the samples behave mainly as retroreflective materials. The angle range corresponds to the range of allowable entrance angles, which implies an upper bound on the FOV of the projection lens.
With a setup similar to that shown in Fig. 8͑a͒ , we also observed the imaging properties of the four samples when the powermeter was replaced by a CCD camera. Results are shown in Fig. 9 . We observed two essential practical challenges for optical imaging: the formation of a ghost image and the presence of artifact patterns as a result of the diffraction of the microstructures. We should point out that the speckle created by the laser source did not represent a problem in the measurements, given that only average powers were considered.
In each picture in Fig. 9 the brighter spot is the expected image and the other spot is a ghost image. This ghost image can be identified easily because it follows the screen's movement. We inferred that the ghost image is caused by the first surface of the retroreflective screen acting as a mirrored surface. A detailed analysis of ghost images is given in Section 5 below.
One way to minimize ghost images is to apply antireflective coating. Another solution is to use microstructures made from micromirrors, instead of microprisms. Such solutions suppress ghost images entirely, and we adopted one of them in our most recent systems. Because such structures are open, however, they are more prone to degradation as a result of handling and environmental factors.
C. Effects of a Nonzero Observation Angle on Imaging Properties
Even though the observation angle of the sheeting material is generally small ͑3°or less͒, it does affect the imaging properties of HMPD's. Specifically, using the bench prototype, we observed a noticeable variation in the perceived size of the reflected image, a shift of the exit pupil position of the projection lens as a function of the distance from the exit pupil of the lens to the reflective screen, and image blurring. These characteristics were related to the observation angle.
To quantify the effects of a nonzero observation angle we concentrate on ray tracing after the beam splitter. We define the mirror image of the exit pupil of the projection lens through the beam splitter as the entrance pupil and the image of the mirror-image pupil through the retroreflective screen as the exit pupil. We denote the diameter of the entrance pupil D e , the diameter of the exit pupil where a user's eye is expected to be located D x , the distance of the entrance pupil to the screen l, and the shift between the entrance and the exit pupils l eo .
Assumptions
The analysis of nonzero observation angle is based on two assumptions. First, we assume that, within a certain range of entrance angles, the observation angle o of the sheeting materials is a linear function of the entrance angle e . Meanwhile, we also assume that when the entrance angle is zero the observation angle is zero. Second, based on the data sheets of commercially available materials used for the trafficcontrol industry, we assume that the reflected rays always come between the normal to the surface and the incident rays, as illustrated in Fig. 10 .
If we define as the angle between the reflected ray and the normal to the screen surface, we then have
where a is the retroreflected coefficient and c ϭ 1 Ϫ a, with 0 Յ c Յ 1. Ideally, a ϭ 0.
Analysis
A ray tracing of the effect of a nonzero observation angle on imaging properties is shown in Fig. 11 . We denote the distance between the entrance pupil and the projected image L, the distance between the exit pupil and the perceived image LЈ, the height of the projected image H, and the perceived height of the image after the screen HЈ. Rays 0, 1, and 2 represent the chief, the upper, and the lower rays, respectively. The respective entrance angles on the screen, e0 , e1 , and e2 , are given by
where R e ϭ D e ͞2. According to our assumptions, rays 0, 1, and 2 are bounced back by the screen surface at angles c e0 , c e1 , and c e2 , respectively. The exit-pupil diameter D x and the pupil shift l eo are then given by
The perceived height of the reflected image, HЈ, is then given by Eq. ͑4͒; the difference between HЈ and the height of the projected image site is given by Eq. ͑5͒: where
The difference ⌬L between the perceived depth of the reflected image and that of the projected image is given by
In particular, if the projected image is collimated with L 3 ϱ, e0 ϭ e1 ϭ e2 ϭ e can be established, as shown in Fig. 11͑b͒ . Collimated rays at an angle e are bounced back by the screen surface at an angle c e . The diameters of the entrance pupil and exit pupil are the same, but the exit pupil is shifted according to Eqs. ͑3͒. The perceived size y e of the projected image on the retina and the difference ⌬y e between the perceived size after the retroreflective screen and that of the projected image are given by y e ϭ f e tan͑c e ͒, ⌬y e ϭ f e ͓tan e Ϫ tan͑c e ͔͒, (7) where f e is the focal length of the eye when it is accommodating at infinity. In summary, Eqs. ͑3͒-͑7͒ indicate that the perceived size and depth of the reflected image and the exit pupil's size and location depend not only on observation angle 0 but on projected image distance L and screen distance l. This explains the observed phenomenon that the perceived image size and depth depend on screen distance l. Meanwhile, different points of the field correspond to different observation angles, so the exit pupil's size and position change across the FOV. Considering the fact that the eye is generally fixed at a certain position, the pupil's dependence on observation angle and screen position causes vignetting of the perceived image across the field.
D. Effects of Nonzero Cone Angle on Imaging Properties
The analysis above is based on the linear property of retroreflectivity, the assumption that one ray is reflected for a given ray angle of incidence. However, a small bundle of rays is typically retroreflected by the microstructures of the screen. This property is termed nondirectivity, and the angular range of the reflected rays is termed cone angle ⌬ o . We assume that ⌬ o is constant for different entrance angles.
The effect of nonzero cone angle on imaging properties is illustrated in Fig. 12 . The rays from the same object point impinge upon the retroreflective screen at angles e0 , e1 , and e2 and are reflected back at center angles c e0 , c e1 , and c e2 with cone angle ⌬ o . Therefore a bundle of images is formed between points AЈ and AЉ.
The axial separation between AЈ and AЉ is given by The vertical separation between AЈ and AЉ is given by
where R AЈ and R AЉ are the radii of the exit pupils of AЈ and AЉ, respectively. In particular, if the projected image is collimated with L 3 ϱ, e0 ϭ e1 ϭ e2 ϭ e can be established, as shown in Fig. 12͑b͒ . The separation between the upper and the lower images on the retina is then given by
Meanwhile, the nonzero cone angle also causes an exit-pupil shift. The quantity of the shift has a relationship to screen distance similar to that of the nonobservation angle. In summary, the nonzero cone angle is partially responsible for ghost images and vignetting across the FOV. Using the bench prototype, we observed both phenomena.
Properties of the Head-Mounted Projection Display

A. Depth Perception
Visual cues pertaining to depth perception in HMPD's include occlusion, stereo, accommodation, and convergence. 12, 13 Occlusion, the property of closer objects to block more-distant objects, is the most important cue to depth. Moreover, it is the only depth cue for objects farther than 2 or 3 m from the observer and is extremely important when objects or the user is in motion. In conventional STHMD's it is difficult to achieve correct occlusion between virtual objects and real scenes. 3, 13 In a HMPD, real objects located between the retroreflective screen and the user block projected images at that location. Thus correct occlusion is achieved for the projected objects located behind real objects. As a consequence, if a user reaches out to grasp a virtual object, virtual objects behind his or her hand disappear naturally, as would occur in the real world. If the 3D projected objects are expected to be in front of the real objects, retroreflective material must be applied to cover the real objects. It is the essential requirement of HMPD's to display virtual objects only at locations where a retroreflective material has been positioned. The stereoscopic cue is generated by capture of stereo pairs of images according to the location of the user's eyes. 12, 14 This capability is available in HMPD's as in any other HMD's. In the case of non-eye-tracking capability, an average location is assumed in the user's interpupilary distance. 15 Changing the focus of the eye for objects located at various distances is termed accommodation. 13, 16 Accommodation may be important for the long-term comfort of HMD users. However, it is not available in HMD's or in HMPD's. Methods for overcoming this limitation have been investigated. 16, 17 Convergence is a process by which the eyes turn toward each other to aim the pupils directly at an object. To avoid diplopic vision, in nature, convergence goes hand in hand with accommodation. 18 Changing the distance from an observed object leads not only to changing convergence but also to changing lens power. However, in HMD's and other artificial stereoscopic devices, fixation always takes place with respect to one plane and accommodation does not change. The separation of the two processes that are coupled in nature leads to eye fatigue.
If a 3D simulated scene is to look and seem real, it must contain these four depth cues. Emphasis on one of these cues in HMD design depends on the applications. The HMPD's proposed in this paper can achieve correct occlusion in addition to the stereoscopic cues that are also found in other HMD's. The conflict of accommodation and convergence remains a challenge in designing HMPD's as well as conventional HMD's.
B. Depth of Field
Depth of field refers to the range of distance from the detector ͑e.g., the eye͒ in which an object appears to be in focus without the need for a change in the optical power of the lens ͑e.g., eye accommodation͒. Depth of field is inversely proportional to the pupil diameter. Depth perception of the virtual objects is practically restricted by the fact that convergence and accommodation, which are naturally linked, are decoupled in most HMD's. Whereas retinal images are not always sharp, the visual system tends to tolerate blur to a point at which essential detail is obscured. This tolerance for blur extends the apparent depth of field considerably. In conventional HMD's, multifocal plane technology can be used to achieve infinite depth of field. 17 For immersive HMD's the depth of field is that which corresponds to the visual obscuration of the virtual scene. For STHMD's the depth of field for the real scene as well as for the virtual scene must be considered. The available depth of field for the real scene alone is essentially that of the human eye with a larger pupil than that of an unaided eye, given that the pupil is often dilated because of the loss in brightness of the real scene through a semitransparent mirror.
In most applications the virtual image plane is centered on the real scene for a STHMD. Its overlapped depth of field is also centered on the real scene. The overlapped depth of field of the HMPD is more complicated. We assume that the projection image plane is centered on the real scene, that the retroreflective screen works perfectly, and that the screen always completely occludes the real scene behind it. Thus the depth of field of the real scene is always the front part of the screen, the depth of field of the virtual scene is centered on the projection plane, and the overlapped depth of field is always between the screen and the nearest virtual objects. Furthermore, the overlapped depth of field of the HMPD can be maximized by choice of the location of the screen with respect to the projected image plane, as shown in Fig. 13 . The optimized location of the screen to achieve maximum overlapped depth of field is the farthest plane of virtual objects.
C. Field of View and Resolution
Wide FOV's and high resolution are desirable properties of HMPD's as well as of HMD's, but a trade-off between the two attributes always exists because they are closely related to the focal length of the optics and to the size and resolution of the available display devices. Importantly, the FOV's of HMPD's may be limited in the upper range near 70°-80°by the range of allowable entrance angles of the retroreflective screen. New retroreflective material can be investigated for wider-FOV devices.
The vertical and horizontal FOV's, denoted 2 V and 2 H , respectively, should meet the condition that
where ͑ e ͒ max is the maximum entrance angle of the reflective material.
Provided that the display resolution in pixels is p͑H͒ ϫ q͑V͒ and that the size of the display is a͑H͒ mm ϫ b͑V͒ mm, the angular resolution is given by 2 H ͞p and 2 V ͞q and the linear resolution is p͞a and q͞b for horizontal and vertical directions, respectively. In practice, it is desirable that the angular resolution be close to the angular visual acuity of the human eye ͑i.e., ϳ1 arcmin in the fovea͒. The linear resolution, on the other hand, imposes a line pair resolution requirement on the projection lens, which sets a requirement on the optical design MTF performance.
D. Pupil Location and Size
In immersive HMD's an eyepiece is used for the optics. In such optics, it is required that the exit pupil be outside the eyepiece and that the eye relief distance be a minimum of 17-23 mm to provide users enough space for wearing eyeglasses. This requirement increases the difficulty of eyepiece design for HMD's. Generally, the farther the exit pupil is from the eyepiece, the more difficult it becomes to balance the optical aberrations, especially optical distortion, and the bigger and heavier the optics becomes for a given FOV. This requirement is even stronger for optical STHMD's because of the arrangement of the beam splitter typically at a Ϫ45°angle from the eyepiece.
However, in HMPD's the arrangement of a beam splitter at a ϩ45°angle from the projection lens means that the beam splitter is outside the exit pupil of the projection lens and that the eye relief is equal to the distance from the beam splitter to the exit pupil of the projection lens. Therefore the exit pupil of the projection lens can be inside the lens, which indicates that the lens can be symmetrical and that optical designers can move more easily; correct optical aberrations, including optical distortion; improve the image quality provided by the optics; and keep the optics small. Such properties are highly desirable and constitute a strength of HMPD's.
The shifting of the exit pupil as a function of the distance of the reflective screen is another noticeable experimental phenomenon, which can be properly explained as being due to the observation angle of the reflective material and was analyzed in Subsection 4.D. The sheeting material must be designed with zero observation angle to minimize this imaging artifact.
E. Ghost Images
Ghost images shifted away from the desired image can cause a decrease in overall contrast, or even artifacts, and perceived blurring of the image. Assuming that the lenses that form the projection optics are coated, the main sources of ghost images are the first surface reflection of the retroreflective screen, the nondirectivity of the screen material, and the second surface reflection of the beam splitter. The nondirective effect on ghost images was analyzed in Subsection 4.D.
The retroreflectivity of the screen depends on the total internal reflection of the micro corner-cube surface. Furthermore, for materials made from micro corner-cubes the first surface of the screen works as a reflecting surface, following the specular reflection principle. In this case the ghost image formed lies beyond the FOV of the user when it is far away from the center FOV. Only within the area at the diameter of D x do part of or all the rays from the ghost image enter the user's eye and delaminate the image quality. The axial shift of the ghost image from the expected image is given by 2 ͉L Ϫ l͉.
As with conventional optical STHMD's, the second surface reflection of the beam splitter also contributes to a ghost image. The displacements of the ghost image from the desired image in both directions are e n 2 ͩ n 2 Ϫ 1 2
, where e and n are the thickness and the index of the beam splitter, respectively.
Conclusions and Future Research
The design and implementation of a head-mounted projective display ͑HMPD͒ have been presented. The imaging concept, optical design, threedimensional optomechanical modeling, and bench prototype implementation were provided. The effects of retroreflective materials on imaging properties were discussed comprehensively, and the imaging properties of HMPD's were investigated. The main advantages of HMPD's are that it is easier to correct optical aberrations including optical distortion in HMPD's than in conventional HMD's, their ability to project undistorted images onto curves surfaces, their potential for use in bright environments, and their ability to permit correct occlusion of real and virtual objects in virtual environments. The necessity to have a screen in the environment defines a range of applications including medical visualization and training, collaborative environments, and wearable computers.
